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In 1990, the Seidmans showed that a single point mutation,
R403Q, in the human β-myosin heavy chain (MHC) of heart muscle
caused a particularly malignant form of familial hypertrophic car-
diomyopathy (HCM) [Geisterfer-Lowrance AA, et al. (1990) Cell
62:999–1006.]. Since then, more than 300 mutations in the β-MHC
have been reported, and yet there remains a poor understanding
of how a single missense mutation in the MYH7 gene can lead
to heart disease. Previous studies with a transgenic mouse model
showed that the myosin phenotype depended on whether the mu-
tation was in an α- or β-MHC backbone. This led to the generation of
a transgenic rabbit model with the R403Q mutation in a β-MHC back-
bone. We find that the in vitro motility of heterodimeric R403Q my-
osin is markedly reduced, whereas the actin-activated ATPase activity
of R403Q subfragment-1 is about the same as myosin from a non-
transgenic littermate. Single myofibrils isolated from the ventricles of
R403Q transgenic rabbits and analyzed by atomic force microscopy
showed reduced rates of force development and relaxation, and
achieved a significantly lower steady-state level of isometric force
compared with nontransgenic myofibrils. Myofibrils isolated from
the soleus gave similar results. The force–velocity relationship deter-
mined for R403Q ventricular myofibrils showed a decrease in the
velocity of shortening under load, resulting in a diminished power
output. We conclude that independent of whether experiments are
performed with isolated molecules or with ordered molecules in the
native thick filament of a myofibril, there is a loss-of-function induced
by the R403Q mutation in β-cardiac myosin.
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Since the seminal discovery by the Seidmans in 1990 (1) that a
point mutation of arginine to glutamine (R403Q) in the

human β-myosin heavy chain (MHC) caused a particularly ma-
lignant form of inherited hypertrophic cardiomyopathy (HCM),
more than 300 mutations in the β-MHC have been reported that
lead to heart disease. Several expression systems have been used
to better understand the mechanism by which a single missense
mutation in the MYH7 gene encoding the β-MHC can trigger a
diseased state (reviewed in ref. 2). Due to the high degree of
sequence and structural homology among all class II myosins, it
was widely assumed that an HCMmutation would have the same
effect on function independent of whether the myosin was extracted
from human ventricular or soleus muscle (3–5), expressed as mutant
smooth muscle myosin in the baculovirus/Sf9 insect cell system (6),
or expressed as mutant Dictyostelium discoideum myosin in D. dis-
coideum myosin-null cells (7). Unfortunately, a striated muscle
myosin, such as cardiac myosin, could not be reproducibly expressed
in Sf9 insect cells in a stable and active form (8, 9). Recently, a short
subfragment-1 (S1) of human β-MHC has been expressed in a
mouse myogenic cell line; this approach has made it possible to
examine the functional changes introduced by mutations in human
cardiac myosin (10–13), but the small magnitude and variability of
the induced changes have not led to a unifying mechanism.

With the development of the mouse model for R403Q in 1996
(14), the mouse became a favorite organism for studies of HCM,
given the ease of genetic manipulation and the rapid onset of
many of the cardiac phenotypes characteristic of human disease
(reviewed in ref. 15). Surprisingly, myosin prepared from mouse
hearts homozygous for R403Q showed enhanced actin-activated
ATPase activity and increased in vitro actin motility (16), sug-
gesting a “gain-of-function” in contrast to the earlier results with
human cardiac myosin that showed a “loss-of-function” (3, 4).
Moreover, cardiac fibers from mice heterozygous for R403Q
showed enhanced muscle mechanics consistent with the protein
findings (17). Other mutations at myosin sites implicated in HCM
also tended to show a gain-of-function in the mouse model (15).
A long recognized limitation of these studies is that the adult

mouse expresses only α-MHC in its heart, whereas all larger
mammals express predominantly β-MHC in their ventricles. This
difference in isoform composition reflects the need of a small
animal to optimize its power requirements with the faster
α-MHC cardiac isoform (18, 19). Because α- and β-MHC are
93% identical in sequence, it was assumed that mutations in-
troduced by gene-targeting or transgenesis would have a similar
phenotype regardless of isoform composition. However, when
the R403Q mutation was introduced into the mouse in either an
α- or a β-MHC backbone by transgenesis (20), the results showed
a markedly different phenotype depending on the myosin iso-
form: the R403Q mutation produced a significant enhancement
in actin-activated, steady-state ATPase activity and transient ki-
netics in an α-MHC (S1) backbone, but not in a β-MHC (S1)
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backbone, where no change or a slight loss in activity was ob-
served (20, 21). The low level of transgenic R403Q β-MHC ex-
pression, and the predominant endogenous α-MHC background
in the mouse, precluded a more extensive investigation at the
molecular and fiber levels. Thus, despite more than two decades
of research into the causal effect of cardiac myosin mutations,
the gain- vs. loss-of-function remains unresolved.
The need for a large animal model that expresses pre-

dominantly β-MHC in its ventricles was fulfilled by the genera-
tion of a transgenic (TG) rabbit carrying the R403Q mutation in
a human β-MHC backbone that fully recapitulated the disease
phenotype of HCM (22). Further insight into the pathogenesis of
HCM was obtained by following the development of cardiac
phenotypes in a large cohort of TG R403Q rabbits and their
nontransgenic (NTG) littermates over a period of 4 y (23).
Unfortunately, no mechanistic studies were undertaken at the
time and this line expired. We have created a similar transgenic
rabbit, but the R403Q mutation was introduced into a full-length
rabbit cDNA construct to preserve a homologous system in
which both the mutant and endogenous myosin have a rabbit
β-MHC and rabbit light chains. A rabbit β-MHC promoter was
used to drive expression of β-myosin in the soleus as well as in the
ventricles (24). Here we present a description of the functional
effects of the R403Q mutation in rabbit β-cardiac myosin at the
molecular and myofibrillar levels. Given the location of the
R403Q mutation at the base of a surface loop that interacts di-
rectly with actin (Fig. 1), it is not too surprising that a loss-of-
function was observed in both myosin molecules and isolated
myofibrils, leading to a decrease in the power output of the heart.

Results
TG rabbits carrying the R403Q mutation showed no increase in
morbidity or mortality over a 2-y period. The primary functional
effects of the mutation in muscle tissue could thus be more readily
distinguished from secondary effects due to cardiac remodeling.
Importantly, unlike the mouse model, we could isolate hetero-
dimers of full-length myosin with one mutant R403Q heavy chain
bound to a native β-MHC, given the endogenous β-MHC com-
position of the rabbit ventricles. This made it possible to do in vitro
motility assays with intact myosin, which showed a consistent de-
crease in actin filament velocity by the mutant β-cardiac myosin
compared with NTG controls. Similarly, given the β-MHC back-
ground, it was possible to show a loss in force, kinetic parameters,

and power output in single mutant myofibrils. The preparation of
myofibrils avoids the pathological hallmark of HCM, which is
myocyte disarray in addition to hypertrophy and fibrosis.

Isolation and Quantification of R403Q Cardiac β-Myosin. Transgenic
His-tagged mutant rabbit myosin was isolated by nickel-chelating
affinity chromatography, as described in detail for the TG mouse
(20). In brief, crude myosin extracted from 1 to 2 g of homog-
enized heart tissue was clarified and loaded onto a Ni2+-chelat-
ing column equilibrated in 0.5 M NaCl, 20 mM Hepes, pH 7.5,
and eluted with an imidazole gradient (Fig. 2A). The quality of
the purified His-tagged R403Q rabbit cardiac myosin was very
good as judged by SDS gel electrophoresis (Fig. 2B). SDS/glyc-
erol separation gels gave no indication of any α-myosin in the
crude or purified TG rabbit myosin. This is to be expected from
earlier immunological analysis of peptides, which showed that
α-myosin is only 10–20% of rabbit ventricular myosin by 3 mo of
age, and our hearts were >8 mo to 1-y-old (25). From the final
concentration of purified myosin (∼10%) relative to total myosin
applied to a nickel-affinity column (Fig. 2A), and the level of
mutant RNA (∼33%) expressed in the TG rabbit relative to wild-
type (SI Appendix, SI Materials and Methods), we conclude that a
minimum of 10% of two-headed myosin molecules contain a
mutated motor domain. It has always been assumed that a low
concentration of heavy chain with a single missense mutation
would associate randomly with the native heavy chain to form a
heterodimer (3). Moreover, in our previous paper (20) on His-
tagged mouse R403Q β-myosin expressed in the native α-myosin
mouse, we could show directly on SDS/glycerol gels that nickel-
affinity–purified myosin had equal concentrations of α- and
β-myosin heavy chain, which were well separated on these gels.

The Actin-Activated ATPase Activity of R403Q Rabbit Cardiac S1 Is
Similar to That of NTG Rabbit Controls. His6-tagged mutant S1
was prepared from R403Q rabbit myosin by chymotryptic di-
gestion, and subsequent purification by nickel-chelating affinity
chromatography (20). Untagged nontransgenic S1 was isolated
from NTG rabbit myosin by the same proteolytic digestion, but
purified by ion-exchange chromatography (26). SDS gels showed
a single heavy chain and essential light chain (ELC) (Fig. 2C),
characteristic of S1s isolated from striated muscle class II myosin
(20, 21); the regulatory light chain (RLC) is degraded by the en-
zyme. The actin-activated ATPase activity from multiple R403Q
preparations compared with NTG controls is shown in Fig. 3.
Although some rabbit heart preparations indicated a slightly lower
maximal velocity (Vmax) for R403Q S1, the majority of the kinetic
assays showed no significant difference (P = 0.065) between the
mutant S1 and control (SI Appendix, Table S1).

The in Vitro Motility of R403Q Rabbit Myosin Is Markedly Reduced
Relative to NTG Controls. Analysis of the movement of several hun-
dred actin filaments by purified myosin adhered nonspecifically to
a nitrocellulose coated coverslip showed a markedly lower velocity
of ∼1 μm/s for heterodimeric R403Q myosin compared with values
of ∼2 μm/s for NTG myosin (Fig. 4). This twofold difference in
motility may be an overestimation, because NTG myosin purified
by hydrophobic interaction chromatography (HIC) selects for the
most native, homogeneous myosin population, which can lead to a
slightly higher velocity value than myosin purified by more con-
ventional chromatographic methods (19). However, this concern is
minimal, as the His6-tagged wild-type mouse α- or β-myosin puri-
fied by nickel-affinity chromatography showed the same motility as
untagged mouse cardiac isoforms purified by HIC (20). Considering
that the R403Q myosin has primarily only one of its two heavy
chains mutated, the consistently lower motility suggests a signifi-
cant impairment in the actin–myosin interaction.

The Force and Kinetics of Attachment and Detachment of Myosin to
Thin Filaments Are Reduced in Single Rabbit R403Q Myofibrils.
Representative traces of experiments performed with isolated
myofibrils from the ventricles of TG and NTG rabbits are shown

R403

Y410

Fig. 1. Model of the cardiomyopathy loop at the actin–myosin interface.
Cryoelectron microscopy was used to obtain the structure of a human non-
muscle myosin bound to Factin/tropomyosin at near-atomic resolution, 3.9 Å
(43). The CM-loop (salmon) forms an antiparallel β-strand that is the major site
of interaction of the upper 50-kDa motor domain with actin (gray). This highly
ordered loop is conserved in all myosin II isoforms and is stabilized primarily by
hydrophobic interactions with actin. A model for the effect of the R403Q
mutation in β-cardiac myosin proposes that arginine 403 (red) interacts with a
tyrosine residue on the neighboring β-strand (PDB ID code 5JLH), and a mu-
tation at this site weakens the interaction of the CM-loop with actin (43).
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in Fig. 5. Note that due to the newly developed atomic force
microscope used in these experiments (27, 28), the force traces
present a clear pattern and a high signal-to-noise ratio, which
allows us to compare small changes in force development, not
always possible with experiments using cardiomyocytes. The
force produced by the NTG myofibril was in the same range as
that observed in other studies with cardiac myofibrils (28, 29)
with low levels of oscillations after stabilization.
The isometric force produced by the TG (R403Q) myofibril

was lower than the force produced by the NTG myofibril, before
or after a shortening was imposed on the preparation. The re-
sults from one such experiment in Fig. 5 were confirmed statis-
tically when all tested myofibrils are grouped (Fig. 6A): the force
produced by the TG myofibrils was significantly lower than the
NTG myofibrils. During activation and relaxation of the myofi-
brils, the force development and relaxation were slower in the
TG myofibrils compared with the NTG myofibrils (Fig. 6), and
the TG myofibril reached a steady-state plateau in force later
than the NTG myofibril. As a result the rates of activation (kact)
and relaxation (krel) were significantly slower in the mutants than
in the control myofibrils (Fig. 6 B and D).
After full activation was obtained, the myofibrils underwent a

fast shortening protocol for measurements of force redevelop-
ment (ktr), a putative indicator of cross-bridge kinetics (30) that
has been also used with cardiac myofibrils to evaluate myosin–
actin interactions (28, 29). The experiment depicted in Fig. 5
clearly shows that the force redevelopment is slower in the TG
myofibril than in the NTG myofibril, a result that was consistently

observed in our study with all myofibrils (Fig. 6C). These results
suggest that cross-bridge kinetics are affected in the TGmyofibrils,
such that the redevelopment of force is slowed.
The results for soleus myofibrils are virtually the same as for the

ventricle myofibrils, and most of the parameters that we measured
during the experiments were decreased in the TG samples com-
pared with the NTG samples: the isometric force was lower, and
the kact and ktr were slower (Fig. 6 A–C). The only parameter that
was not changed in the TG soleus myofibrils was the krel (Fig. 6D).
The force produced by the soleus is higher than the force pro-
duced by the ventricles, consistent with previous studies (31, 32)

The Power Output in R403Q Mutant Myofibrils Is Significantly
Reduced Compared with NTG Controls. In some ventricle myofi-
brils (n = 20 for each group), we performed (i) slack tests to
measure the maximum velocity of shortening, and (ii) contractions
in which the myofibrils were released during maximal activation by
predetermined step reductions in length (0.007 SL/s to 4 SL/s) to
construct a force–velocity and power–velocity relation. During the
slack tests the myofibrils were allowed to reach maximal force and
a length step was imposed rapidly (2 ms), allowing the myofibril to
become slack and the tension to drop to zero. The time required
for the myofibril to redevelop tension relative to the imposed
length steps was fitted with a first-order least-squares regression
line, and the corresponding slope was used as a measurement of
the unloaded shortening velocity. During the step reductions in
length, the force transiently drops to zero before taking up the
shortening. The force at the end of shortening was fitted using
Hill’s equation: (F + a) × (V + b) = b (Fo + a) (see details in SI
Appendix, SI Materials and Methods). The maximum velocity of
shortening was decreased in the TG myofibrils. When normalized
per maximum force produced by individual myofibrils, the entire
force–velocity relationship obtained for the TG mutant showed a
leftward shift compared with the NTG myofibrils (Fig. 7A), sug-
gesting that less force is produced for a given velocity of con-
traction. Such a shift results in a diminished power output (F × V)
in the TG myofibrils (Fig. 7B).

Discussion
The unique contribution reported here is the use of a large an-
imal model, the TG rabbit, to characterize the effect of the
R403Q mutation in the β-MHC on actin–myosin interactions at
the molecular and myofibrillar levels. We find that the ATPase
activity of R403Q myosin S1 is similar to that of the S1 control,
but the in vitro actin motility is markedly reduced for myosin
containing the R403Q mutation in only one of its two heavy
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chains. Importantly, single R403Q myofibrils, which represent
the smallest contractile unit with a 3D lattice containing all of
the major proteins, showed reduced rates for activation and re-
laxation, and a reduced force and velocity profile leading to less
power output from the heart.

Hypertrophic Cardiomyopathy Is Primarily a Disease of Cardiac
Myocytes. Beginning with the discovery of the R403Q mutation,
causal mutations in more than a dozen genes have been found for
all of the major proteins of the cardiac sarcomere as well as in the
adjacent Z-disk (reviewed in ref. 33). Mutations in the genes for
MHC (MYH7) and for myosin-binding protein C (MYBPC3)
account for more than half of the patients with this complex
cardiovascular disease (34). The majority of the causal missense
mutations are in MYH7 (>300), whereas truncation mutations are
prevalent in MYBPC3 (35). Environmental factors and so-called
“modifier genes” (genetic background) can also lead to cardiac
hypertrophy, and these patients serve as an important control in
studies on the effects of “causal genes” in human hearts. Recent
studies on the mechanics of single myofibrils from patients with
the R403Q mutation found a significant change in force for only
one of three patients (29, 36), highlighting the difficulties in un-
derstanding the consequences for even a single severe mutation.
Although studies on human tissue are obviously invaluable for
purposes of diagnosis and improved treatment strategies, there is a
strong need for a simpler animal model to increase our un-
derstanding of functional consequences caused by the mutation.
The creation of a TG rabbit made it possible to study the ef-

fect of a point mutation in a β-MHC backbone at the molecular
and myofibrillar levels without the extensive cardiac remodeling
that obscures the primary cause of HCM in humans. We find a
loss-of-function in the rabbit model similar to our more limited
findings in the TG mouse model (20, 21). Furthermore, we
conclude that many of the contradictions in the literature re-
garding the function of a single missense mutation are related to
myosin isoform dependence. But the small sequence variations
in the cardiac β-myosin isoform across different animal species
appear to have less impact on the phenotype of a causal muta-
tion than expression in an α-myosin backbone of the same
species (37).

Molecular Characterization of Mutant β-Myosin.We have previously
shown that the R403Q mutation in a mouse β-backbone pro-
duces very little change in function by steady-state and transient
kinetics of S1, in contrast to the enhanced function in mouse
cardiac α-myosin (20, 21). Because disease phenotypes are small
and, in fact, close to experimental error in biochemical/bio-
physical experiments, we believed it essential to demonstrate
functional aspects in a larger mammal before reaching any firm
conclusions about the effect of a specific mutation. The simplest
large-animal model that has been previously studied was the TG
rabbit with the R403Q mutation cloned into a human heavy
chain (22). Here we generated a similar rabbit, but the R403Q
was cloned into the rabbit heavy chain to preserve a homologous
system. In contrast to the first rabbit studies (22), in which the 2-y
survival rate was reduced by ∼50%, our rabbits showed no
symptoms of disease or premature death over this period. The
difference may be due to the much higher R403Q protein ex-
pression level in the first rabbit line, 41% by 2D isoelectric fo-
cusing gels, which can separate human from rabbit myosin
proteins. The mismatch caused by the introduction of the human
myosin into a rabbit heart may also have contributed to the
disease phenotype, although the 2-y survival rate for the wild-
type rabbits was near normal (22).
A consistent finding between the TG mouse and the TG rabbit

is that the R403Q mutation in β-MHC can cause a decrease in
function, but never an increase. In the TG rabbit, the endoge-
nous β-cardiac background made it possible to measure the
in vitro motility of whole myosin, which was markedly reduced by
the R403Q mutation. This raises the question of whether the
earlier in vitro motility findings for human β-myosin isolated
from cardiac or soleus muscle biopsies from as many as nine
patients with the R403Q mutation (3, 4) are relevant to the more
recent findings in animal models. The unusually large (70–80%)
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decrease in velocity with R403Q myosin compared with controls
raised the issue of whether the loss of movement in the largely
heterodimeric myosin molecules (only one heavy chain is mutated in
heterozygotes) was due to ATP-insensitive “rigor-like” actomyosin
linkages (38). Nonetheless, myosins from 30 hypertrophic cardio-
myopathy patients containing six different mutations in theMHC, in
addition to R403Q, all showed a reduction in actin velocity com-
pared with the controls, although the majority of mutations had a
smaller effect than R403Q (3). However, in a subsequent study (5)
in which myosin from the same R403Q patients was extensively
pretreated with unlabeled actin to remove the contribution of
noncycling heads, the investigators found a small enhancement in
actin filament motility (5). These contrasting results underscore
the drawbacks of studies with heterogeneous patient samples.
The inability to express striated muscle myosin was overcome

recently by the development of an adenoviral mediated myogenic
expression system (C2C12) for human β-cardiac myosin (39, 40).
Several HCM mutants have been expressed using a short human
heavy chain bound to ventricular ELC (sS1). Most of the mu-
tations, whether near the nucleotide binding site, R453C (13),
the R403Q site described here (12), or in the converter region—
R719W, R723G, G741R (11)—produced small or no effects on
motor function, despite the expectation of a gain-of-function
based on the clinical hypercontractility. The extensive study on
the properties of R403Q sS1 with both pure and tropomyosin,
troponin-regulated actin concluded that the data fit best with a
loss of contractility under loaded conditions (12).
The recombinant human R403Q S1 characterized by Nag et al.

(12) and the rabbit R403Q S1 described here have in common
that each shows an ATPase activity and Km that are similar to
their wild-type controls. The unloaded in vitro velocity for the
expressed human S1 showed no significant difference between
the mutant and wild-type sS1, but single-headed S1 with a

truncated lever arm (no RLC) is expected to be less discrimi-
nating in motility experiments than full-length myosin.

Mechanical Properties of Single Myofibrils Containing a β-Myosin
Mutation. The basic organized structural unit in a muscle fiber
is the myofibril. The two major proteins, actin and myosin, are
assembled into filamentous structures whose interaction during
contraction and relaxation is regulated by a host of proteins as-
sociated with the thin (actin) and thick (myosin) filaments. To
minimize the effect of the associated proteins on the phenotype
caused by the R403Q mutation, we characterized myofibrils from
cardiac and soleus rabbit muscles, both expressing the identical
β-myosin from the MYH7 gene, but containing muscle-specific
isoforms for the other proteins. We find that the maximum
tension and the kinetic rates for activation, redevelopment of
tension, and relaxation are all reduced in the ventricular R403Q
myofibrils relative to controls, and similarly in the soleus rabbit
myofibrils with the exception of the rate for relaxation.
Data on myofibrils from human patients with sarcomeric mu-

tations are limited, but two recent studies stand out insofar as they
tried to distinguish the effect of cardiac remodeling from the in-
trinsic mutation in inherited cardiac hypertrophy. A study on
single cardiomyocytes and myofibrils from patients with different
mutations in the MHY7 gene found that their maximal force-
generating capacity was significantly reduced compared with pa-
tients with impaired cardiac function, but no discernable sarco-
meric mutations (41). However, some of the loss in force was
attributed to cardiac remodeling, because tissue from nonfailing
donor hearts had the highest force production. A separate study
on three patients with the R403Q mutation, one of whom had
been characterized previously in myofibril kinetics (29), found a
significant increase in cross-bridge relaxation kinetics with the
cardiac myofibrils, but at a greater energetic cost in tension gen-
eration as measured in muscle strips (36). These kinetic results are
in contrast to our present study, but the reasons for such differ-
ences can involve many factors, including the varying clinical
conditions of the patients, the different degrees of heart remod-
eling, and the methods used for isolating and testing myofibrils.
Our results showing a downward shift in the force–velocity re-

lation further strengthens the conclusion of a loss-of-function in
the myofibrils affected by the mutation. We observed that the
R403Q myofibrils produced less power (F × V) than the control
myofibrils (i.e., the loss in function is ultimately a decreased power
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Fig. 6. Mean values (±SEM) of (A) force, (B) kact, (C) ktr, and (D) krel
obtained with soleus and ventricle myofibrils isolated from NTG (black) and
TG (red) muscles. Statistical P values were obtained after t tests comparing
the two groups of myofibrils in each condition. The sample sizes were as
follows. Soleus: 8 NTG rabbits (63 experiments); 9 TG rabbits (68 experi-
ments). Ventricles: 8 NTG rabbits (56 experiments); 9 TG rabbits (71 experi-
ments). Details are in SI Appendix, Table S2.
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output from the ventricles). We recognize that the transgenic
rabbit is “only a model” and all models have limitations (42). But
the closer resemblance of a rabbit heart to a human heart offers
fundamental insights into the mechanistic consequences of a sin-
gle missense mutation in β-cardiac (slow skeletal) myosin.

Conclusions and Perspectives
Based on our functional studies with the R403Q mutation in a
rabbit model, we conclude that this long-studied mutation, for
which the “cardiomyopathy loop” (CM-loop) was named, most
likely leads to a loss-of-function at the molecular and myofibrillar
levels. But this result should not necessarily be extrapolated to the
countless other mutations in myosin. The R403 residue is highly
conserved in all class II myosins, and is located at the base of a
surface loop that forms a major hydrophobic interface with actin
(Fig. 1). The recent structures obtained at near atomic resolution
by electron cryomicroscopy have shown that the R403 residue
interacts with neighboring residues to stabilize the conforma-
tion of the CM-loop (43). Therefore, although a mutation at this
site can be expected to have a large impact on the actomyosin

interaction, it may also destabilize the sequestered, folded heads
of myosin in the relaxed state (44). With increasing knowledge and
advanced techniques, we have come to realize that understanding
the molecular basis for this complex heart disease is far more
difficult than previously anticipated, and will require extensive
future studies in large animal models, and expression of full-length
cardiac myosin, to arrive at a unifying mechanism.

Materials and Methods
All methods, including construction of the transgenic rabbit, biochemical
procedures, and myofibril preparation and mechanical measurements, are
included in SI Appendix. All animal experiments were conducted in accor-
dance with the Guide for the Care and Use of Laboratory Animals (45) and
approved by the Institutional Animal Care and Use Committee at Cincinnati
Children’s Hospital.
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